ABSTRACT
ing more intensive cropping systems because no-till management systems have increased the amount of stored soil water. Reduced and no-till management increases infiltration and reduces evaporation losses, which have allowed the use of summer crops in the rotation. These systems have resulted in much greater water use efficiency and more efficient utilization of limited water resources. Black and Bauer (1990) , Halvorson (1990) , and Peterson et al. (1992 Peterson et al. ( , 1993 have developed more intensive rotations to utilize the additional stored soil water resulting from no-till management. Evaluation of these systems has used a modified form of water use efficiency, namely, PUE (Halvorson, 1990) .
More recently this procedure was utilized to evaluate cropping system effects on PUE by corn (Zea mays L.) grown in an area on the drier fringes of the Corn Belt. Varvel (1994) obtained additional information about the relative stability of corn production in various cropping systems in such an environment. The study concluded that corn grown in rotation had greater and more stable PUE and decreased yield variability than monoculture corn.
Precipitation use efficiency calculations in long-term studies like the one described above can be used to evaluate water and N use efficiencies within those experiments, even though evapotranspiration and soil water depletion have not been directly measured. Precipitation use efficiency values provide information similar to water use efficiency because they evaluate the effectiveness of precipitation in individual treatments from the same experiment for a long period of time. In this study, PUE values were calculated using data for 8 yr, which encompassed two cycles of the longest cropping systems in the study.
The initial study (Varvel, 1994) did not evaluate other crops in each rotation because of the complexity involved in assessing cropping systems that contain crops with different yield potentials and essentially a forage crop [oat (Avena saliva L.) -I-clover (Trifolium and Melilotus sp.), in the case of the two 4-yr rotations. Analysis of all cropping systems required assignment of some type of economic value to each crop, or the procedure used for corn (Varvel, 1994) could be used. Assignment of economic values required choice of crop prices, which is always difficult because of market fluctuation. Using the PUE approach eliminates this dilemma and allows the producer to choose crops for a rotation system with Abbreviations: PUE, precipitation use efficiency; CSB, continuous soybean, C-SB(2), 2-yr corn-soybean rotation; SG-SB(2), 2-yr grain sorghumsoybean rotation; SG-SB(4), 4-yr corn-oat+clover-grain sorghum-soybean rotation; C-SB(4), 4-yr grain sorghum-oat+clover-corn-soybean rotation; CSG, continuous grain sorghum; SB-SG(2), 2-yr soybean-grain sorghum rotation; OCL-SG(4), 4-yr soy bean-corn-oat+clover-grain sorghum rotation; SB-SG(4), 4-yr oat+clover-corn-soybean-grain sorghum rotation. 527 528 SOIL SCI. SOC. AM. J., VOL. 59, MARCH-APRIL 1995 the greatest probability of success in terms of using the available water; the most limiting resource in this region.
The objective of this study was to determine the effects of cropping system and N rates on PUE of soybean and grain sorghum in a rain-fed environment.
MATERIALS AND METHODS
An extensive rotation study has been conducted on the Agronomy Farm at the University of Nebraska Agricultural Research and Development Center near Mead, NE, on a Sharpsburg silty clay loam since the early 1980s. The period reported in this study includes the 1984 through 1991 cropping seasons. Rotation treatments were assigned to main plots, 9 m wide (12 rows with 0.76-m spacing between rows) and 32 m long, in four randomized complete blocks. Each main plot was split into three subplots (9 by 10 m each) separated by 1-m alleys for N rate comparisons. Each phase of all rotations was grown every year.
Soybean
Soybean cropping systems included: (i) continuous monoculture, (ii) corn-soybean, (iii) grain sorghum-soybean, (iv) cornoat + clover (80% yellow sweetclover [Melilotus officinalis Lam.] and 20% red clover [Trifolium pratense L.])-grain sorghum-soybean, and (v) grain sorghum-oat+clover-cornsoybean rotations. Nitrogen subplots, randomly assigned, had application rates of 0, 34, and 68 kg N ha~' for soybean throughout the study. Adapted soybean cultivars were used and weed control consisted of a combination of preemergence herbicides and cultivation. Grain yields were determined by harvesting two rows approximately 10 m long in late September or early October with a plot combine and yields were corrected to standard moisture contents.
Grain Sorghum
Grain sorghum cropping systems included: (i) continuous monoculture, (ii) soybean-grain sorghum, (iii) soybean-cornoat + clover-grain sorghum, and (iv) oat+clover-corn-soybean-grain sorghum rotations. Nitrogen subplots were randomly assigned application rates of 0, 90, or 180 kg N ha~' for grain sorghum throughout the study. Adapted grain sorghum hybrids were used and weed control consisted of a combination of preemergence herbicides and cultivation. Grain yields were determined by harvesting two rows approximately 10 m long in October or early November with a plot combine and yields were corrected to standard moisture contents.
Cultural practices were similar to those used by local producers. Previous crop residue from corn or grain sorghum was shredded in late fall with a rotary mower. Clover from the previous oat+clover plots was killed with a tandem disk in mid-April when weather permitted. Spring tillage usually consisted of disking once or twice 10 to 15 cm deep and then harrowing just prior to planting.
The N source was NrLtNOa (34-0-0) in all years. Nitrogen fertilizer applications were broadcast by hand after the crop had emerged, usually 2 to 4 wk after planting and incorporated during the first cultivation.
Long-term and yearly precipitation measurements were taken from a site approximately 1 km south of the research site. Precipitation use efficiencies (Halvorson, 1990) were calculated for each cropping system and N fertilizer rate from grain yields and annual precipitation received by dividing grain yields (kilograms per hectare) by annual precipitation (centimeters). Annual precipitation was chosen after several attempts were made to use different precipitation periods that corresponded to planting to harvest (1 May-31 October) or harvest to harvest (1 November-31 October). Both of these attempts resulted in PUEs similar to those calculated from calendar-year precipitation totals because a large proportion of the annual precipitation falls from 1 May to 31 October.
Data were combined from the 8 yr of the study for an overall analysis. All statistical analyses were performed using the Statistical Analyses System (SAS Institute, 1992).
RESULTS AND DISCUSSION
The effectiveness of the PUE approach requires assumptions that all cropping systems have received the same amount of precipitation, similar amounts of runoff have occurred (especially within a replication), each particular crop has been exposed to the same evaporative demands in all cropping systems during that time, and water extraction by a crop from all rotations in a given year is the same. The first three assumptions appear to be valid because of the uniformity between experimental units for all cropping systems within a replication and all phases of each rotation are present each year. The fourth assumption appears to be valid because results published earlier show that water extraction by both crops in all the cropping systems was similar throughout the growing season (Peterson and Varvel, 1989a,b) .
All differences due to year, rotation, and N rate treatments for PUE of both soybean and grain sorghum were significant (Table 1 ). In addition, all two-and three-way interactions were significant for the period analyzed (Table 1). These results were expected, especially given the diversity of cropping systems in the study, and the likelihood that different previous crops would cause differential responses to N applied.
The year x rotation x N rate interactions are shown for soybean (Fig. 1 ) and grain sorghum (Fig. 2) . The results for both crops are generally similar, showing very little difference in yearly PUE among cropping systems. Two exceptions are for soybean (Fig. 1 ) in 1988 and grain sorghum (Fig. 2) in 1989. Results from these 2 yr are probably responsible for the significant three-way interaction for the two crops (Table 1) . Erratic and reduced yields for soybean resulted from a combina- tion of less-than-normal precipitation in 1988 (Table 2) and extensive crop water use during the previous calendar year in continuous soybean, corn-soybean, and grain sorghum-oat+clover-corn-soybean cropping systems. Precipitation use efficiency for grain sorghum in the soybean-corn-oat+clover-grain sorghum rotation during 1989 was significantly lower than for other rotations. This occurred because yields were reduced by extensive water use by the clover crop before it was killed in the spring. Extensive water use in this cropping system, and little if any precipitation after planting (Table 2) , severely delayed and reduced germination and final stands of grain sorghum and severely reduced yields. Low rainfall was not a problem in the other cropping systems in 1989 because enough water was available for germination and stand establishment.
Since the three-way interaction (Table 1) was significant, this normally would preclude any discussion about two-way interactions, but without 1988 for soybean and 1989 for grain sorghum, the results are fairly consistent. These same two cases probably also caused all of the significant two-way interactions for both soybean and grain sorghum (Table 1) .
Thus it is justifiable to examine the main effects of rotation and N as is done for soybean (Fig. 3 ) and grain sorghum (Fig. 4) . Few if any differences in PUE between cropping systems occurred for either crop. These results demonstrate that soybean and grain sorghum are less affected by the previous crop than corn in these same cropping systems (Varvel, 1994) . The only situation where they are not the same is for unfertilized continuous grain sorghum (Fig. 4) . However, with sufficient N fertilizer, PUE was identical in all cropping systems. It is critical from a producer's standpoint that PUE be stable over the long term. These results demonstrate that PUE is stable for soybean and grain sorghum in the cropping systems included in this study. In contrast to results obtained for corn (Varvel, 1994) , soybean and grain sorghum PUE values indicate that these crops are less sensitive to previous crop (rotation) in the western Corn Belt. The results, therefore, suggest that in a subhumid environment, where annual precipitation varies widely, both grain sorghum and soybean will have much more stable production than a crop such as corn.
SUMMARY AND CONCLUSIONS
Similar long-term PUE for soybean in five cropping systems and for grain sorghum hi four cropping systems indicates that both of these crops would be excellent options for these and similar rotations in subhumid areas with similar precipitation patterns. Selection of a cropping system from an agronomic standpoint appears to depend to a greater extent on economics and other crops in the rotation, such as corn, which has a greater yield and PUE response to crop rotation.
